Strain engineering can effectively tune the electronic, topological and piezoelectric properties of materials. In this work, the small strain (-4% to 4%) effects on piezoelectric properties of α-AsP monolayer are studied by density functional theory (DFT). The piezoelectric stress tensors eij and elastic stiffness tensors Cij are reported by using density functional perturbation theory (DFPT) and finite difference method (FDM). It is found that the Young's modulus of α-AsP monolayer shows very strong anisotropy, and the armchair direction is very softer than zigzag direction, which provides possibility for tuning easily piezoelectric coefficients along the armchair direction. In considered strain range, uniaxial compressive (tensile) strain along the armchair (zigzag) direction is found to raise observably both the e22 and d22 (absolute value). In fact, both compressive strain along the armchair direction and tensile strain along the zigzag direction essentially reduce the lattice constants along the armchair direction, which can enhance the piezoelectric coefficients. The eij of β-AsP monolayer as a function of strain is also studied to illustrate the importance of particular puckered structure of α-AsP in enhancing the piezoelectric coefficients. A classic SnSe monolayer with puckered structure is used to further declare that small strain along the armchair direction can effectively improve the piezoelectric coefficients. For example, the d22 of SnSe monolayer at -3.5% strain is up to 628.8 pm/V from unstrained 175.3 pm/V. For SnSe monolayer, a large peak is observed for e22, which is due to a structural phase transition. For e16 of SnSe monolayer, a large peak is also observed due to the cross of lattice constants a along the zigzag direction and b along the armchair direction. A piezoelectric material should have a band gap for prohibiting current leakage, and they all are semiconductors in considered strain range for all studied materials. Our works imply that small strain can effectually tune piezoelectric properties of materials with puckered structure, and can provide useful guidence for developing efficient nanopiezotronic devices. . 72.15.Jf, 
I. INTRODUCTION
Since the discovery of graphene 1 , a series of twodimensional (2D) materials have been designed and fabricated. Compared with their bulk counterparts, these 2D materials exhibit unique properties and application perspectives 2-5 . Many 2D monolayer materials are noncentrosymmetric, which can provide opportunities for piezoelectric applications, such as sensors, actuators and energy conversion devices [6] [7] [8] . Experimentally, the piezoelectric coefficient (e 11 =2.9×10 −10 C/m) 6,7 of monolayer MoS 2 has been reported, which is close to the previous theoretical prediction 9 . Recently, the Janus MoSSe monolayer has been experimentally achieved by replacing the top S atomic layer in MoS 2 with Se atoms, and the existence of vertical dipoles has been proved, showing an intrinsic vertical piezoelectric response 10 . In theory, many 2D materials, including transition metal dichalchogenides (TMD), group IIA and IIB metal oxides, group III-V semiconductors, group-V binary semiconductors and Janus TMD, have been predicted to possess piezoelectric properties 9, [11] [12] [13] [14] [15] [16] [17] . Some of them possess high piezoelectric coefficient, like Janus GaInS 2 17 , In 2 SSe 17 and CdO 9 with coefficients d 11 of 8. 33, 8 .47 and 21.7 pm/V, which are comparable and even higher than other well-known bulk piezoelectric materials [18] [19] [20] . Moreover, the giant piezoelectricities of monolayer group IV monochalcogenides (SnSe, SnS, GeSe and GeS) have been predicted, which are as high as 75-251 pm/V 13 for d 11 along the the armchair direction. Beside an in-plane piezoelectricity, additional out-of-plane piezoelectricity has been predicted by the first principle calculations in many 2D materials, like Janus TMD 11, 21, 22 . The simultaneous occurrence of semiconducting and piezoelectric properties in these 2D materials may give rise to multifunctionality, which provides potential applications in piezotronics and piezophototronics [23] [24] [25] . However, the piezoelectric effect in most 2D materials is rather small, and thus new strategy should be proposed to enhance piezoelectric properties of some 2D materials with special structure.
Although strain engineering has been widely used to effectively tune the electronic properties of 2D materials, strain-tuned their piezoelectric properties are rarely reported 26 . Here, we use α-AsP monolayer as an example to study strain effects on piezoelectric coefficients. The α-AsP monolayer is proposed as 2D solar cell donor with 1.54 eV direct band-gap and mobility exceeding 14000 cm 2 V −1 s −127 , and α-phase few-layer of AsP has been experimentally synthesized 28 . According to the structures (b) in Figure 1 , α-phase is soft along the armchair (y) direction with small elastic stiffness (C 22 ), which mean that piezoelectric coefficients may be easily tuned. Calculated results show that reduced lattice constants of α-AsP monolayer along armchair direction can signally boost the e 22 and d 22 . The strain effects on e ij of β-AsP monolayer are also investigated, and calculated results show the importance of particular puckered structure of α-AsP in enhancing the piezoelectric coefficients. The SnSe monolayer as a classic 2D material with puckered structure is used to illustrate that small strain along the armchair direction can effectively improve the piezoelectric coefficients. For example, a large peak can be observed for e 22 of SnSe monolayer at -3.5% strain, and the corresponding d 22 is 3.6 times of unstrained one. The underlying mechanism of a peak for e 22 is due to a structural phase transition. A large peak of e 16 at -2% strain is also observed, which is due to the cross of a and b. Calculated results show that they all are semiconductors in considered strain range for all studied materials, including monolayer α-AsP, β-AsP and SnSe.
The rest of the paper is organized as follows. In the next section, we shall give our computational details and methods about piezoelectric coefficients. In the third section, we shall present piezoelectric properties of monolayer α-AsP, β-AsP and SnSe as a function of strain. Finally, we shall give our discussion and conclusions in the fourth section.
II. COMPUTATIONAL DETAIL
All the calculations are performed within DFT 29 using the projected augmented wave (PAW) method, as implemented in the plane wave, pseudopotential based VASP Package [30] [31] [32] . The exchange-correlation functional at the level of popular generalized gradient approximation of Perdew, Burke and Ernzerhof (GGA-PBE) 33 is employed in all our calculations. For studied monolayers, a vacuum spacing of more than 20Å along the z direction is included to avoid interactions between two neighboring images. A kinetic cutoff energy of 500 eV is adopted for all investigated monolayers, and the total energy convergence criterion is set to 10 −8 eV. The geometry optimization was considered to be converged with the residual force on each atom being less than 0.0001 eV.Å −1 . To obtain the piezoelectric strain coefficients d ij , the elastic stiffness tensor C ij are calculated by using FDM, and the piezoelectric stress coefficients e ij are calculated by DFPT method 34 . The 2D elastic coefficients C 2D ij and piezoelectric stress coefficients e 2D ij have been renormalized by the the length of unit cell along z direction (Lz): C 2D ij =LzC 3D ij and e 2D ij =Lze 3D ij .
III. PIEZOELECTRIC PROPERTIES
Noncentrosymmetric crystals show a change of polarization under mechanical strain or stress, which can be described by the third-rank piezoelectric stress tensors e ijk and strain tensor d ijk . They from the sum of ionic and electronic contributions can be expressed as:
and
In which P i , ε jk and σ jk are polarization vector, strain and stress, respectively. By employing Voigt notation and using the mapping of indices (11→1, 22→2, 33→3, 23→4, 31→5 and 12→6), the values of d ij can be derived using the relation:
For 2D materials, we consider only in-plane strain components (ε jk =σ ij =0 for i=3 or j=3) 9, 13, 15, 16 . The relation among elastic, piezoelectric stress and strain tensors becomes:
  e 11 e 12 e 16 e 21 e 22 e 26 e 31 e 32 e 36
The piezoelectric stress tensors e ij can be attained by DFPT, and the elastic tensor C ij can be calculated by FDM. The piezoelectric strain tensor d ij can be calculated by e matrix multiplying C matrix inversion Due to the crystal symmetry, the number of independent components can be reduced in the elastic tensor, piezoelectric stress and strain tensors. The point group of α-phase (P mn2 1 ) is mm2. For 2D materials, there are three nonzero piezoelectric constants: e/d 21 , e/d 22 and e/d 16 , and there are five nonzero elastic constants: C 11 , C 12 =C 21 , C 22 and C 66 . The d 21 , d 22 and d 16 are derived as: 
Firstly, the lattice constants of α-AsP are optimized, and the corresponding a=3.50Å and b=4.70Å, which agree well with previous calculated values 12, 27 . To determine the piezoelectric strain tensors d ij , we first calculate the elastic stiffness coefficients C ij and piezoelectric stress tensors e ij , and then d ij can be attained. These data are listed Table I , along with previous theoretical values 12 . The calculated C ij are very close to previous ones 12 . On the basis of the elastic constants, the Young's modulus C 2D (θ) and Poisson's ratio ν(θ) along the inplane θ can be expressed as follows 35 : Figure 2 . It is found that both the Young's modulus C 2D (θ) and Poisson's ratio ν(θ) show very strong mechanical anisotropy. A high Young's modulus means that the material is rigid. Calculated results show that α-AsP monolayer is very softer along the armchair than zigzag direction, which means that strain can easily tune it's physical properties along armchair direction. It is found that the sign is different for e/d 21 and e/d 22 between our and previous ones 12 , which is due to the opposite y axes. For e/d 22 , they are in good agreement, but they are not very consistent for e 21 , which may be due to different method. In ref. 12 , the e ij coefficients are attained by evaluating the polarization changes of a unit cell under applied uniaxial strains, which is different from DFPT method. Here, the e/d 16 are also calculated, which don't be mentioned in ref. 12 .
Furthermore, to explore the strain effects on piezoelectric coefficients of α-AsP monolayer, the uniaxial strains along both the armchair direction and zigzag direction are applied, and the other unstrained direction is optimized fully. The lattice constants a/b, elastic constants C ij , piezoelectric coefficients e ij and d ij with the application of uniaxial strain along the armchair direction and zigzag direction are plotted Figure 3 . In considered strain range, α-AsP monolayer always shows very strong mechanical anisotropy between the armchair direction and zigzag direction due to very larger C 11 than C 22 . When the uniaxial strain is applied along the armchair direction, the C 11 has little dependence on strain. However, the C 11 shows a monotone decrease with the application of uniaxial strain along zigzag direction. The C 22 , C 12 and C 16 show opposite monotonic trend with the application of uniaxial strain between the armchair direction and zigzag direction, when the strain changes from -4% to 4%.
It is found that piezoelectric coefficient d 22 (absolute value) and d 21 increase with strain from 4% to -4% along armchair direction. However, it is opposite with the application of uniaxial strain along zigzag direction, and the d 22 (absolute value) and d 21 increase from -4% to 4% strain. Especially for d 22 , a large enhancement can be observed. At 4% uniaxial compressive (tensile) strain along the armchair (zigzag) direction, the d 22 (absolute value) reaches up to 54.663 pm/V (68.315 pm/V) from unstrained 18.670 pm/V. In fact, when both the armchair direction or zigzag direction is subjected to uniaxial strain from 4% to -4%, the lattice constants b along the armchair direction decreases essentially. It is clearly seen that the enhancement for d 22 mainly depends on e 22 , and the similar strain dependence between e 22 and d 22 can be seen from Figure 3 . At -4% (4%) strain along the armchair (zigzag) direction, the e 22 (absolute value) reaches up to 5.642 10 −10 C/m (5.029 10 −10 C/m) from unstrained 2.673 10 −10 C/m. For d 16 , the small dependability on strain is observed for both armchair direction and zigzag direction, which is because the e 16 (absolute value) and C 66 have the similar monotonous dependability on strain, giving rise to little change for d 16 according to Equation 7 .
The particular puckered structure of α-AsP should be very important for enhancement of e 22 , when the strain is applied. To confirm that, the piezoelectric stress coefficients of monolayer β-AsP are studied as a function of strain. The geometric structure of the monolayer β-AsP is plotted (a) in Figure 1 , which has a graphene-like buckled honeycomb structure. Firstly, we perform symmetry analysis for β-AsP. Due to a 3m point-group symmetry of β-phase (P 3m 1 ), five nonzero piezoelectric constants (e/d 22 =-e/d 21 =-e/d 16 and e/d 32 =e/d 31 ) can be attained, and there are five nonzero elastic constants: C 11 =C 22 , C 12 =C 21 and C 66 =(C 11 -C 12 )/2. The d 22 and d 32 from e ij can be expressed as: 
The optimized lattice constants a=b=3.44Å for β-AsP, which agrees well with previous values 12, 27 . The calculated elastic stiffness coefficients C ij and piezoelectric tensors e/d ij are shown in Table II , along with available calculated values 12 . It is found that our calculated C 21 is twice as large as one from ref. 12 . To further identify this, the elastic stiffness coefficients C ij and piezoelectric tensors e/d ij of β-SbAs are also calculated, which are listed in Table II . The similar result is observed for C 21 of β-SbAs. As with α-AsP, some similar comparisons between our results and ones from ref. 12 can be attained for β-AsP. Experimentally, it is convenient for β-AsP to apply biaxial strain due to hexagonal symmetry. The e ij as a function of biaxial strain (-4%-4%) are plotted in Figure 4 . In considered strain range, it is clearly seen that the e 22 (absolute value) increases linearly from -4% to 4%, and the e 32 has small dependability on strain. At 4% strain, the e 22 (absolute value) reaches up to 0.521 10 −10 C/m from unstrained 0.397 10 −10 C/m, increased by 0.3 times, which is smaller than one of α-AsP (0.9 times at -4% strain along armchair direction and 1.1 times at 4% strain along zigzag direction). Thus, the piezoelectric coefficients of a material with the par- ticular puckered structure should sensitivity depends on strain.
Small strain along armchair direction can effectively improve the piezoelectric effect of a 2D material with puckered structure. To prove that, the piezoelectric coefficients of monolayer SnSe with the application of uniaxial strain along the armchair direction are investigated. The monolayer SnSe has the same crystal structure with α-AsP, and few layer SnSe has been fabricated Table I , along with available theoretical values 13, 14 . It is found that our calculated C ij are very close to previous values 13 , and the e 21 and e 22 are between ones in ref. 13 and ones in ref. 14 . The difference may be due to different calculated method and lattice constants. The SnSe monolayer is subjected to uniaxial strain along the armchair direction, and the lattice constants a/b and piezoelectric coefficients e ij as a function of strain are plotted in Figure 5 . In considered strain range, it is clearly seen that all e ij have a rise, and then rapidly fall, when the strain changes from 4% to -4%. A huge enhancement is observed for all e ij at small strain. The e 22 is up to 121.847 10 −10 C/m at -3.5% strain, and the e 16 reaches up to 134.831 10 −10 C/m at -2% strain, and the e 21 for 39.885 10 −10 C/m at -3.5% strain. With respect to unstrained ones, the e 22 , e 16 and e 21 are increased by 3.33, 4.41 and 6.63 times, respectively. Thus, the e ij has very sensitive dependence on strain in a material with puckered structure [(b) in Figure 1 ]. The key d 22 of SnSe monolayer at -3.5% strain can be improved to 628.814 pm/V from unstrained 175.315 pm/V. A large peak for e 22 of SnSe monolayer is observed, and the underlying mechanism is structural phase transition. Around -3.5% strain, the symmetry changes from P mn2 1 to P mmn (ignoring calculation error), and the crystal structures of α-SnSe at 4% and -4% strain are shown Figure 6 . It is clearly seen that the angle θ nearly becomes zero with strain from 4% to -4%, which means a structural phase transition. In fact, when the compressive strain increases continuously, the symmetry of SnSe monolayer strictly becomes P mmn, and the piezoelectric effect disappears due to centrosymmetry. For e 16 , a large peak is also observed at -2% strain, and then the e 16 is almost zero with increasing compressive strain. It is noted that the peak and cross point of a and b coincide at -2% strain. It is concluded that the e 16 disappears, when lattice constants (b) along armchair direction is less than lattice constants (a) along zigzag direction.
To prove above these, the α-AsP monolayer is subjected to uniaxial strain along the armchair direction, increased to -10% for compressive strain, and the lattice constants a/b and piezoelectric coefficients e ij with the application of uniaxial strain along the armchair direction (-10% to 4%) are plotted Figure 7 . It is clearly seen that a and b of α-AsP do not have cross point, and the e 16 (absolute value) monotonically increase. The e 22 (absolute value) has also a monotonous increase, and it is found that no structural phase transition is produced.
IV. DISCUSSIONS AND CONCLUSION
A 2D material, exhibiting piezoelectricity, should break inversion symmetry, and then has a band gap. To confirm studied materials to be semiconductors at ap-plied strain, the GGA gaps as a function of strain for α-AsP monolayer along the armchair direction and the zigzag direction, β-AsP monolayer and SnSe monolayer along the armchair direction are plotted in Figure 8 . Our calculated unstrained gaps for monolayer α-AsP (0.90 eV), β-AsP (1.76 eV) and SnSe (0.93 eV) agree well with previous theoretical values 27, 37 . It is clearly seen that, in considered strain range, all studied 2D materials have a band gap. For α-AsP monolayer along the armchair direction, the gap monotonically increases from -4% to 4%, and it changes from indirect gap to direct one. However, for α-AsP monolayer along the zigzag direction, the gap firstly increases, and then decreases, but the direct band gap does not change. For β-AsP monolayer with biaxial strain, the gap shows an up-and-down trend, and they in considered strain range all are indirect gap. For monolayer SnSe along the armchair direction, the gap increases rapidly, and basically remain unchanged. The gap property changes from indirect gap to direct one to indirect one.
In summary, the strain effects on piezoelectric properties of α-AsP monolayer are studied by using firstprinciples calculations. Calculated results show that the uniaxial compressive (tensile) strain applied along the armchair (zigzag) direction are very effective in improving e/d 22 . Essentially, reducing the lattice constants along the armchair direction can enhance the piezoelectric coefficients. By studying e ij of β-AsP monolayer as a function of strain, the particular puckered structure of α-AsP is very important to enhance the piezoelectric coefficients. A classic puckered SnSe monolayer is used to prove that small strain along the armchair direction can effectively improve the piezoelectric coefficients. For example, the d 22 of SnSe monolayer at -3.5% strain can be improved to 628.8 pm/V from unstrained 175.3 pm/V. A structural phase transition can induce a large peak of e 22 for SnSe monolayer, and a cross of a and b can lead to a large peak of e 16 . Our works imply that the piezoelectric properties of a 2D material with puckered structure can be easily tuned by strain (The similar phenomenon may be observed for monolayer GeS, GeSe and SnS with puckered structure.), and can provide new idea for designing nanopiezotronic devices by controlling the conversion of mechanical to electrical energy.
